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Abstract
Sea level rates up to three times the globalmean rate are being observed in thewestern tropical Paciﬁc
since 1993 by satellite altimetry. From recently published studies, it is not yet clear whether the sea
level spatial trend patterns of the PaciﬁcOcean observed by satellite altimetry aremostly due to
internal climate variability or if some anthropogenic ﬁngerprint is already detectable. A number of
recent studies have shown that the removal of the signal corresponding to the PaciﬁcDecadal
Oscillation (PDO)/Interdecadal PaciﬁcOscillation (IPO) from the observed altimetry sea level data
over 1993–2010/2012 results in some signiﬁcant residual trend pattern in thewestern tropical Paciﬁc.
It has thus been suggested that the PDO/IPO-related internal climate variability alone cannot account
for all of the observed trend patterns in thewestern tropical Paciﬁc and that the residual signal could
be theﬁngerprint of the anthropogenic forcing. In this study, we investigate if there is any other
internal climate variability signal still present in the residual trend pattern after the removal of IPO
contribution from the altimetry-based sea level over 1993–2013.We show that subtraction of the IPO
contribution to sea level trends through themethod of linear regression does not totally remove the
internal variability, leaving signiﬁcant signal related to the non-linear response of sea level to ElNiño
SouthernOscillation (ENSO). In addition, bymaking use of 21CMIP5 coupled climatemodels, we
study the contribution of external forcing to the PaciﬁcOcean regional sea level variability over
1993–2013, and show that according to climatemodels, externally forced and thereby the
anthropogenic sea levelﬁngerprint on regional sea level trends in the tropical Paciﬁc is still too small to
be observable by satellite altimetry.
1. Introduction
Sea level change is one of the most concerning
consequences of climate change. Since the early 1990s,
sea level is rising at a rate of 3.2±0.4 mm yr−1 (e.g.
Church et al 2013, Ablain et al 2015). Though a recent
study,Watson et al (2015), has shown that the sea level
rate over the altimetry period might be lower than
previously estimated, all studies agree that sea level will
continue to rise in the future because of expected
continuing ocean warming and land-ice melt (Church
et al 2013). Sea level rise is far from being uniform and
exhibits signiﬁcant spatial variations regionally mainly
related to non-uniform thermal expansion and salinity
variations of the ocean (e.g., Cazenave and Cozan-
net 2014, Stammer et al 2013, Church et al 2013,
Levitus et al 2012, Fukumori and Wang 2013). For
example, since 1993, rates up to three times the global
mean rise are observed in regions like the western
tropical Paciﬁc (e.g. Merriﬁeld and Maltrud 2011),
north Atlantic around Greenland and southern Aus-
tral Ocean while other regions like the eastern tropical
Paciﬁc face lower rates of sea level rise (Bromirski
et al 2011, Thompson et al 2014). Regional steric sea
level changes in different ocean basins are attributed to
differential heating and freshening of various ocean
layers and associated physical processes such as air-sea
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processes (Yin et al 2010) with ocean circulation
changes playing a major role (Stammer et al 2013). In
addition other phenomena such as net ocean mass
changes from melting land-ice as well as gravitational
and solid earth responses due to Glacial Isostatic
Adjustment (GIA) also contribute to regional sea level
variability (e.g. Milne et al 2009, Stammer et al 2013),
however their effects are small over the two recent
decades. In the tropical Paciﬁc, Merriﬁeld, 2011,
Merriﬁeld and Maltrud, 2011 and Palanisamy
et al 2015 showed that the high sea level trends in this
region during the altimetry era are essentially due to
the heat redistribution in the ocean related to the
deepening of the thermocline in response to intensi-
ﬁed tradewinds.
The different contributors to sea level and thus sea
level itself respond to unforced internal variability and
forced variability of the climate system. While the
unforced internal variability is spontaneously gener-
ated by the climate system in the absence of changes in
the climate forcing, the forced variability is in response
to external climate forcing which includes anthro-
pogenic signal as well as natural forcing such as volca-
nic eruptions or solar variability. While at the global
scale (i.e. in terms of global mean sea level), detecting
and separating the internally generated climate modes
from externally forced signals in sea level has been fea-
sible (Marcos and Amores 2014, Slangen et al 2014),
performing similar studies on regional sea level is
highly challenging. This is because the internal climate
variability introduces strong changes in regional sea
level on time scales from years to decades (Richter and
Marzeion 2014) and makes the signal to noise ratio
very unfavorable in the detection of the forced
response above the unforced internal variability. For
example, the regional sea level changes in the tropical
Paciﬁc Ocean are governed by natural climates modes
such as El Niño Southern Oscillation (ENSO) and
Paciﬁc Decadal Oscillation (PDO)/Interdecadal Paci-
ﬁc Oscillation (IPO) at interannual and decadal time
scales, respectively (e.g. Stammer et al (2013), Zhang
and Church (2012), Han et al (2013) Hamlington et al
(2014a) and references therein). The internal sea level
variability related to such climate modes of the order
of ±10–20 cm can therefore mask sea level changes
due to externally forced signals.
Recently, making use of climate models from the
ﬁfth phase of the Coupled Model Intercomparison
Project (CMIP5), studies (Lyu et al 2014, Jordà 2014,
Richter and Marzeion 2014, Bilbao et al 2015) have
determined the time of emergence, that is, the time
when the anthropogenic climate change signal exceeds
and emerges from the natural climate variability at a
regional scale. Lyu et al (2014) ﬁnd that relative to the
1986–2005 reference period, under RCP4.5 and
RCP8.5 scenarios, the externally forced trend would
be detectable in both steric and dynamic sea levels by
the early to mid-2040s in 50% of the ocean. Similarly
Richter and Marzeion (2014) also ﬁnd that the
externally forced signal is detectable in the early 2030s
relative to 1990 in 50% of the ocean. These regions
include the South Atlantic Ocean, Arctic Ocean, east-
ern Paciﬁc Ocean and most parts of the Indian Ocean.
Furthermore Jordà (2014) has shown that on average,
it would require aminimum time period of 40 years to
identify the externally forced signal at the regional
scale. However in regions with strong decadal and
interannual sea level variability, the emergence time
increases up to 60–80 years. These results are also in
agreement to that of Richter andMarzeion (2014) and
Lyu et al (2014). This shows that the presence of strong
internal variability can mask the long-term forced
trend for several decades.
One method for determining the externally forced
signal in sea level at the regional scale will be to remove
the internal variability signal from the observed sea
level at the region of interest and relate any residual
signal to an externally forced signal. This has been the
subject of two recent studies, Hamlington et al (2014a)
and Palanisamy et al (2015) in the tropical Paciﬁc.
Since PDO/IPO is the main natural climate mode in
this region (Han et al 2013, Hamlington et al 2014a),
Hamlington et al (2014a) removed its contribution to
sea level from the altimetry-based sea level signal over
1993–2012 and showed a residual trend pattern in the
tropical Paciﬁc that, in general, cannot be due to PDO.
Using a modelling approach, this study also showed
that the residual pattern after having removed the
inﬂuence of PDO could be linked to anthropogenic
warming of the tropical Indian Ocean (see Han et al
(2013) for details). By removing the contribution of
IPO from the mechanism that contributes to sea level
changes in this region (i.e. the thermocline attributed
steric sea level), Palanisamy et al (2015) showed a simi-
lar residual trend pattern in the tropical Paciﬁc, but
concluded that this residual pattern may alternately
reﬂect the signature of other natural climate modes or
some non-linear PDO signatures that were not prop-
erly removed in the process.
In this study we investigate this issue further. We
perform a detailed analysis on the residual sea level
trend pattern after having removed the IPO contribu-
tion in the tropical Paciﬁc to verify if the origin of the
residual is externally forced signal or a signal due to
internal climate modes of variability. To do so, we use
two approaches: (1) a simple Empirical Orthogonal
Function (EOF) analysis on the residual altimetry sig-
nal without IPO and (2) comparison of the residual
signal withCMIP5 based climatemodels.
2.Data andmethods
2.1. Satellite altimetry sea level (1993–2013)
In this study, we used the altimetry-based 2D gridded
sea level anomalies from AVISO. This data is available
on a weekly interval as a ¼° regular grid from January
1993 to December 2013. This is the DT-MSLA ‘Ref’
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series computed at Collecte Localisation Satellite
(CLS) by merging several altimeter missions namely:
Topex/Poseidon, Jason-1 and Jason-2, Envisat, ERS-1
and ERS-2. This dataset has undergone geophysical
and orbital corrections. Detailed information on the
dataset and processing can be found in Ablain et al
(2009). In order to be consistent with the other data
sets used in this study, the altimetry sea level data at
weekly intervals has been averaged to a monthly scale.
The annual and semi-annual signals have been
removed through a least-square ﬁt of twelve and six
month period sinusoids. Since the focus of our study is
regional sea level trend patterns, the uniform global
mean sea level has been removed from the altime-
try data.
The contribution of decadal climate variability (i.e.
IPO) to sea level can be derived from a regression of
the climatic index on sea level (Palanisamy et al 2015).
Here we make use of an updated version of the IPO
index available from 1871 until mid-2014 (kindly pro-
vided by C K Folland). This index is similar to that of
PDOwhich is deﬁned as the leading principal compo-
nent of the North Paciﬁc (poleward of 20°N)monthly
sea surface temperature (SST) variability (Mantua
et al 1997, Mantua and Hare 2002, Zhang et al 1997).
The IPO is the Paciﬁc-wide equivalent of the PDO,
with as much variance in the Southern Hemisphere
Paciﬁc (at least to 55°S) as in the Northern Hemi-
sphere (Folland et al 1999). Using the IPO index, we
perform a multiple linear regression of IPO and its
corresponding Hilbert transform on altimetry based
observed sea level. TheHilbert transformwill also take
the phase of the IPO associated with propagating sig-
nal into account (Palanisamy et al 2015). The IPO con-
tributed sea level signal obtained as a result is then
removed from the observed altimetry-based sea level.
2.2. 2Dpast sea level reconstruction (1960–2013)
The limited time length of the altimetry data can
become an issue when evaluating low frequency
variability in terms of trends (Frankcombe et al 2014).
IPO is a low frequency natural climate oscillation with
a periodicity of around two to three decades. Several
studies (Deser et al 2004, Yasunaka and Hanawa 2003,
Hare and Mantua 2000) have shown evidence of four
IPO phase changes since the 20th century: two warm
phases during 1925–1946, 1977–1997 and two cold
phases during 1947–1976 and since 1998. Performing
regression of IPO index on the observed altimetry sea
level signal since 1993 implies that we take into
account only one complete phase of the IPO climate
mode, i.e., the current negative IPO phase since 1998.
This can result in trend aliasing (Frankcombe
et al 2014), i.e. the incomplete separation of the trend
and low frequency IPO variability since the period of
the internal variability is longer than the altimetry
period. The inability to distinguish between the trend
and low frequency variability results in the low
frequency variability itself to be aliased as a trend.
Frankcombe et al (2014) have shown that around 50
years of time series is required to extract low frequency
variability from the sea level signal. However, it is to be
noted that exact quantiﬁcation of signal related to
internal variability using ﬁnite records still remains a
challenge. For example, Wittenberg (2009) has shown
that there is no guarantee that 150 year historical SST
records can be used to determine a full representative
for ENSO modulation. Furthermore, Bordbar et al
(2015) have mentioned that the lack of long-term
observations poses a challenge in quantifying long-
term internal variability as it can introduce consider-
able uncertainty on the future evolution of regional sea
level.
In our study, in order to verify if the residual trend
pattern in the tropical Paciﬁc after having removed the
IPO contribution from altimetry sea level is due to
aliasing effect or not, we also used the updated version
of a 2D past sea level reconstruction from Meyssignac
et al (2012a) available from 1960 to 2013. This 2D past
sea level reconstruction is an optimal interpolation of
long tide gauge records with Empirical Orthogonal
Function (EOF) deduced from the sea level output of 3
different ocean reanalyses, namely GECCO2
(Köhl, 2015), SODA 2.1.6 (Carton and Giese 2008)
and ORAS4 (Balmaseda et al 2013). This approach
uses EOFs to combine 134 long tide gauge records of
limited spatial coverage and 2D sea level patterns
based on ocean reanalysis. Three different past sea
level reconstructions based on EOFs from each ocean
reanalysis were performed and then merged in a
unique mean reconstruction following Meyssignac
et al 2012a. Compared to previous reconstructions
available in the literature, these updated reconstruc-
tions are not global reconstructions based on global
EOFs. They are based on regional reconstructions over
the Paciﬁc-Indian Basin and the Atlantic Basin which
were further concatenated into global reconstructions.
By separating the Indian-Paciﬁc region from the
Atlantic region, it is expected that EOFs are more con-
sistent with the regional climate modes of the basins
(ENSO and PDO in the Indo-Paciﬁc region and NAO
in the Atlantic) to interpolate the tide gauge records. It
yields a better reconstruction of the sea level over the
last decades in comparison with independent tide
gauge records (seeMeyssignac et al 2015).
The linear regression of IPO is then performed on
this data with a time length of 53 years and IPO con-
tribution is then removed from the reconstruction-
based sea level signal. Comparison of reconstruction
based residual trend pattern with altimetry-based resi-
dual trend pattern over 1993–2013 would reveal the
presence of aliasing if any.
2.3. CMIP5 climatemodels (1860–2098)
To investigate changes in sea level due to external
forcing, we also analyzed the dynamic sea surface
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height from 21 climate models from CMIP5 (Taylor
et al 2012). Table 1 displays the list of CMIP5 models
used. The dynamic sea surface height includes changes
in the thermohaline and wind-driven circulations
(Richter and Marzeion 2014). The CMIP5 climate
models do not include the net ocean mass changes
from melting ice sheets and glaciers as well as
associated gravitational and solid earth responses. But
this term is almost uniform over the last 20 years and
likely negligible (Landerer et al 2014, Yin et al 2010) in
terms of spatial variability in regional sea level trends.
Hence it is not important for our study. We used the
historical ‘all forcing’ CMIP5 climate simulations
available from 1850/1860. These simulations are
forced by natural forcing agents (solar radiation,
volcanic aerosols) and anthropogenic forcing agents
(e.g. greenhouse gas, anthropogenic aerosols, and
ozone etc, Taylor et al 2012). CMIP5 historical
simulations in general end in 2005. Since our period of
interest corresponds to that of the satellite altimetry
era from 1993 until 2013, we therefore extended the
historical simulations by concatenating the 21st cen-
tury projections under the Representative Concentra-
tion Pathway (RCP) 8.5 scenario (2006–2098/2100) to
the historical simulations. The RCP8.5 scenario
assumes continuous anthropogenic GHG emission
throughout the 21st century and can also be consid-
ered as a representative of the present scenario
(IPCC 2013).
Among the 21 models, some models provide mul-
tiple realizations of the historical experiment. For
example, CMIP5 historical runs initialized from dif-
ferent times of a control run would be identiﬁed as
‘r1’,’r2’, etc. The RCP simulation is assigned the same
realization number as the historical run from which it
was initiated (information on CMIP5 data reference
syntax can be found at http://cmip-pcmdi.llnl.gov/
cmip5/output_req.html). In our study, all possible
realizations that correspond to theHistorical+RCP8.5
simulations were taken into account (see table 1). As a
result, 53 realizations were used in this study. The data
is at yearly resolution and the spatial ﬁelds are remap-
ped to a regular 1°×1° resolution. All climatemodels
are corrected for the model drift (Gregory et al 2001,
Sen Gupta et al 2012) by removing the quadratic trend
in the time series of the accompanying pre-industrial
control run. The global mean was removed from the
dynamic sea level data at every time step.
The temporal phases of the internal climate varia-
bility in the CMIP5models are not reproduced. This is
because in Global Coupled Models (GCMs), the
unforced internal climate modes (e.g. ENSO, IPO) are
not constrained to be synchronized to real-world
occurrence (Landerer et al 2014). Furthermore, the
ability of climate models to accurately reproduce the
internal climate modes has been a questionable sub-
ject. Since the interest of this study is to look for exter-
nally forced sea level signals, performing a multi-
model ensemble (MME) of several such CMIP5 mod-
els will in general average out/reduce signals related to
internal climate variability thereby reﬂecting the
forced signal mostly due to external forcings. To avoid
bias to models with more realizations, in this study,
the realizations of each model are ﬁrst averaged to
obtain the model mean and then the 21 models are
averaged (as in Yin, 2012).Taking into account one
realization per model (instead of averaging all realiza-
tions of eachmodelﬁrst)produces the same results.
3. Results
3.1.Observation based PaciﬁcOcean sea level trend
pattern and internal climatemodes
Figure 1(a) displays the observed altimetry based sea
level spatial trend pattern over 1993–2013 (with the
global mean sea level (GMSL) removed) and ﬁgure 1
(b) displays the contribution of IPO to Paciﬁc Ocean
sea level trend over 1993–2013 based on the regression
of IPO index on sea level signal. Stippling indicates
regions where the trends are non-signiﬁcant (p-
value>0.05). The IPO contributed sea level trend
pattern exhibits similar broad scale positive v-shaped
trend pattern and east-west tropical dipole as the
observed altimetry-based sea level trend pattern. This
trend pattern is also similar to the decadal sea level
ﬁngerprint of Zhang and Church (2012) (see their
ﬁgure 4(b)) and the PDO contributed sea level trend
Table 1. List of CMIP5 dynamic sea levelmodels
and the corresponding number of realizations
used in the study.
Dynamic sea level data






















Total no. of realizations 53
Total no. ofmodels 21
4
Environ. Res. Lett. 10 (2015) 084024 HPalanisamy et al
pattern of Hamlington et al (2014a) (see their ﬁgure 1
(b)). Their methodology of calculation of the decadal
sea level ﬁngerprint somewhat differs from the meth-
odology used in this study. Zhang and Church (2012)
used multiple variable linear regression (deﬁning
‘new’ interannual and decadal climatic indices based
on PDO and Multivariate ENSO Index (MEI)) to
discriminate the interannual, decadal and longer term
trend. On the other hand, Hamlington et al (2014a)
estimated the PDO contribution by an EOF analysis of
sea level reconstruction (Hamlington et al 2014b)
based 20 year trend patterns from 1950 to 2010. Based
on the results obtained in this study and studies of
Zhang and Church (2012) and Hamlington et al
(2014a), we can observe that the IPO contributed
observed sea level spatial trend pattern is hardly
sensitive to themethodologies used.
Observed altimetry-based sea level trend pattern
without IPO contribution (ﬁgure 2(a)) and henceforth
called the (Alti-IPO) residual signal, is estimated by
subtracting the IPO contributed sea level signal from
the altimetry based sea level signal. The Alti-IPO sea
level trend pattern is insigniﬁcant in most of the
regions of the Paciﬁc Ocean with exceptions in the
western tropical and southern central Paciﬁc. Though
weaker, the positive trend pattern in the western tropi-
cal Paciﬁc (especially near 10°N/S) is in the order of
2–4 mm yr-1. The residual sea level trend pattern is
similar to ﬁgure 1(c) of Hamlington et al (2014a) that
has been attributed to an anthropogenic sea level
ﬁngerprint.
In order to verify if the residual trend pattern is
due to aliasing of IPO and sea level signal as a result of
short time length of study, we used the 2D reconstruc-
tion based Paciﬁc Ocean (until 40°S latitude as the
reconstruction data is not available further south) sea
level spatial trend pattern over 1993–2013 without
IPO contribution (ﬁgure 2(b)). As described in
section 2.2, this is obtained by performing a regression
of IPO on reconstruction based sea level signal over 53
years and removing its contribution. The residual
trend patterns in both ﬁgure 2(a) (Alti-IPO) and
ﬁgure 2(b) (reconstruction-IPO) at the region of inter-
est, i.e the western tropical Paciﬁc are very similar.
This implies that the trend pattern of the Alti-IPO resi-
dual signal is likely not a result of the aliasing effect.
3.1.1. Analysis of Alti-IPO residual signal
As the next step, we tried to verify if Alti-IPO residual
pattern can be related to any physical processes. So an
EOF analysis was ﬁrst performed on the Alti-IPO
residual signal and the mode with the maximum
variance was analyzed. Figures 3(a) and (b) show the
spatial pattern and corresponding temporal curve of
the ﬁrst EOF mode of Alti-IPO sea level signal,
respectively. The maximum variance explained by the
ﬁrst EOF mode of the Alti-IPO residual is only 6%.
Performing an EOF analysis directly on the Paciﬁc
Ocean observed altimetry based sea level results in a
ﬁrst mode with a variance of 17% (not shown here).
The reduction in the maximum variance explained by
the Alti-IPO EOF implies the signiﬁcant role of IPO in
the Paciﬁc Ocean sea level. From ﬁgure 3(a), we can
observe that the spatial pattern very closely resembles
the central Paciﬁc ENSO event, also called the El Niño
Modoki. While conventional El Niño is characterized
by strong anomalous warming in the eastern tropical
Paciﬁc, El Niño Modoki is associated with strong
anomalous warming in the central tropical Paciﬁc and
cooling in the eastern and western tropical Paciﬁc
(Ashok et al 2007, also see ﬁgure 14 of Bosc and
Delcroix (2008)).
The temporal curve that corresponds to EOF1 was
then analyzed. Firstly, it was correlated with the El
Niño Modoki Index (EMI). The index is calculated as
the area averaged sea surface temperature anomaly
(SSTA) over 3 regions: (1) 165°E–140°W, 10°S–10°N,
(2) 110°W–70°W, 15°S–5°N, and (3) 125°E–145°E,
10°S–20°N (see Ashok et al (2007) for more details).
Over 1993–2013, we ﬁnd a correlation of 0.7 between
the temporal curve and the EMI index. If we consider
only the time period between 1993 and 2008 (since
from ﬁgure 3(b), we can observe deterioration
between the two temporal curves after 2008), the cor-
relation increases to 0.8. The correlations are all sig-
niﬁcant at the 95% conﬁdence level. One possible
reason for the deterioration of correlation after 2008
(correlation=−0.2) could be related to the occur-
rence of two extreme La Niña events (2007–2008 and
2010–2011). However this needs to be further investi-
gated. Even though this mode represents only 6% of
the total variance, it can have an impact on sea level
trends. For example, the positive trend observed in the
temporal curve between 2004 and 2008/2009 is rela-
ted to the period of El Niño Modoki events (see ﬁgure
1 of Singh et al (2011)). As a result, during this time
period, the central tropical Paciﬁc experienced
increased sea level rates.
On performing a power spectral analysis on the
EOF1 temporal curve over 1993–2013, we obtain a
periodicity of approximately 3 years. This corresponds
to the periodicity of ENSO events that ranges between
3 and 8 years.
The presence of El NiñoModoki signal in the Alti-
IPO residual indicates that there is in fact some ENSO-
related (in speciﬁc El Niño Modoki until 2008) inter-
nal variability still remaining even after the removal
of IPO.
3.1.2. Analysis of Alti-IPO-EMI residual signal
To further analyze the residual trend pattern, we then
removed the El Niño Modoki contributed signal from
the Alti-IPO residual signal (henceforth called Alti-
IPO-EMI) by once again performing a linear regres-
sion of EMI on Alti-IPO. Figure 4 displays the sea level
spatial trend pattern in the Paciﬁc Ocean from
observed altimetry without IPO and El Niño Modoki
related internal variability. On comparison with Alti-
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IPO residual sea level trend pattern in ﬁgure 2(a), we
can observe that the removal of the El Niño Modoki
signal from Alti-IPO results only in a small decrease in
magnitude of the residual sea level trend with no
signiﬁcant changes in the trend pattern. Furthermore,
in ﬁgure 4, we can observe meridionally alternating
positive and negative sea level trend patterns within
20°N and 20°S with mostly positive trend patterns at
the equatorial band. These patterns suggest accumula-
tion of a warm water volume in the equatorial band
and a reduction in the north and south equatorial
counter currents which all together are a reminiscent
of a strong El Niño situation (Meinen and McPha-
den 2000, Kessler and Taft 1987). However, since the
trend patterns in this region are not signiﬁcant, it is
difﬁcult to have a robust conclusion on this. An EOF
analysis on the Alti-IPO-EMI sea level signal results in
the ﬁrst EOF mode closely resembling the eastern
Paciﬁc ENSO event in terms of spatial pattern
(ﬁgure 5(a)) with the evident strong 1997/1998 El
Niño event clearly visible in the temporal curve
(ﬁgure 5(b)). The periodicity of the temporal curve is
around 3–4 years and this once again corresponds to
the ENSOperiodicity.
All the above discussed results show that attempts
to separate/remove both decadal and interannual cli-
mate modes from observed altimetry based sea level
signal through the method of linear regression (as
shown in this study) or the methodology of Hamling-
ton et al (2014a) do not in fact totally eliminate the
internal sea level variability. Some non-linear internal
variability related to intense ENSO events such as the
1997/1998 ElNiño still remains in the residual.
3.2. CMIP5model based sea level spatial trend
pattern and internal climatemodes
3.2.1. Multi model ensemble (MME) and internal
climatemodes
As mentioned in section 2.3, performing a Multi
Model Ensemble (MME) of the 21 CMIP5 models
would in general average out/reduce sea level signal
due to internal climate modes. The MME containing
only the expected sea level response to external
forcings (natural and anthropogenic) can then be
compared with the Alti-IPO and Alti-IPO-EMI resi-
dual sea level trend patterns. If the sea level spatial
trend pattern of MME is similar to that of the above
mentioned two residual trend patterns, we can
Figure 1. (a)Observed altimetry based sea level spatial trend pattern and (b) IPO contributed sea level spatial trend pattern (uniform
globalmean has been removed) in the PaciﬁcOcean over 1993–2013. Stippling indicates regions of non-signiﬁcant trend
(p-value>0.05).
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conclude the presence of externally forced sea level
signal in the PaciﬁcOcean over the 2 recent decades.
Before a direct comparison of the sea level trend
patterns, the presence of any internal climatemodes in
the MME was ﬁrst veriﬁed. EOF decomposition was
performed on theMME-based sea level signal between
1900 and 2098, and the corresponding spatial and
temporal patterns were studied. Even though themain
Figure 2. (a)Altimetry and (b) 2D reconstruction-based PaciﬁcOcean sea level spatial trend patternwithout IPOover 1993–2013
(uniform globalmean has been removed fromboth before performing the regression. In the case of 2D reconstruction, regressionwas
performed over 1960–2013 and the result is plotted over 1993–2013). Stippling indicates regions of non-signiﬁcant trend
(p-value>0.05).
Figure 3. (a) Spatial pattern and (b) its corresponding time curve of theﬁrst EOFmode of Altimetry-IPO residual signal over
1993–2013. The EMI index is represented as the red curve.
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region of interest of our study is the Paciﬁc Ocean, for
this veriﬁcation, we chose the global ocean. This
would enable us to verify the effectiveness of MME in
reducing the impact of internal climate modes not
only in the Paciﬁc but also in the other oceans. Fur-
thermore, such veriﬁcation would also give us an idea
on regions where the impact of external forcing is the
maximum and the structure of their corresponding
spatial patterns.
Figure 6(a) and the black curve in ﬁgure 6(b) dis-
play the spatial pattern and temporal curve of the ﬁrst
EOF mode of the MME sea level with total variance of
96%. The second and third EOFmodes contribute 3%
and 1% of the total variance and do not exhibit any
signiﬁcant spatial patterns or temporal curves (not
shown here). From ﬁgure 6(b), we can observe that the
temporal curve is almost ﬂat until 1970 after which
there is an increase that continues over time implying
an accelerated dynamic sea level change. Skeie et al
(2011) (ﬁgure 1(a)) and Myhre et al (2013) (ﬁgure
8.18) have shown that the radiative forcing from CO2
and other well-mixed greenhouse gases (WMGHG)
has rapidly increased since the 1950s with the CO2
emission being the largest contributor to the increased
anthropogenic forcing since 1960s. These are in agree-
ment with the time series in ﬁgure 6(b) showing an
increased signal since 1970.
In terms of spatial pattern, this increase in sea level
appears in the northern high latitudinal band between
70°Nand 85°N,North Atlantic Ocean south of Green-
land between 30°N and 60°N and also in the southern
latitudinal band between 40°S and 45°S. Regions of
positive sea level patterns also occur in the western
extra-tropical Paciﬁc Ocean between 30°N and 40°N
and in western Indian and central Atlantic oceans.
Region of negative sea level change appears in the
Southern Ocean beyond the 50°S latitudinal band.
This is in agreement with the results from Bilbao et al
(2015). Performing the same EOF analysis only on the
Paciﬁc Ocean (boxed region in ﬁgure 6(a)), we obtain
the same Paciﬁc Ocean spatial pattern (with a variance
of 93%) as in ﬁgure 6(a). The temporal curve that cor-
responds to the Paciﬁc Ocean ﬁrst EOF mode (blue
curve in ﬁgure 6(b)) is very similar to that of the global
EOF1 temporal curve. On close observation of both
EOF1 temporal curves, we can also notice that while
the global curve exhibits small amplitude oscillations,
the curve corresponding to the Paciﬁc Ocean exhibits
higher amplitude oscillations throughout the time
period. Presence of oscillations in both the curves
which do not correspond to oscillations in the external
forcing (due to volcanic forcing or solar forcing) indi-
cates that performing the multi-model mean may not
average out the entire signal that corresponds to inter-
nal variability and theremay still remain some residual
internal variability. Since, in general the internal varia-
bility exhibits stronger amplitude oscillations region-
ally than globally, even the residual of the Paciﬁc
Ocean internal variability obtained (blue curve in
ﬁgure 6(b)) tends to be greater at regional scale.
In order to effectively obtain the temporal curve
and spatial pattern that corresponds to external for-
cing only, we performed a spline smoothing (Ribes
et al 2010) on the global EOF1 temporal curve to
remove the small amplitude oscillations. The
smoothed temporal curve (red dotted curve in
ﬁgure 6(b) with an upward offset of 0.1 for clarity) is
then regressed on to the CMIP5MME sea level dataset
and the sea level pattern that corresponds to the
smoothed temporal curve is obtained. On calculating
the variance, the CMIP5 MME sea level signal thus
obtained after regression (hereafter called regressed
CMIP5MME) explains 97% of the total CMIP5MME
signal. The regressed CMIP5MME sea level signal can
Figure 4.Altimetry based PaciﬁcOcean sea level spatial trend patternwithout IPO and EMI contribution over 1993–2013. Stippling
indicates regions of non-signiﬁcant trend (p-value>0.05).
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now be considered to contain mainly externally forced
sea level signal.
3.2.2. MME-based sea level spatial trend pattern over
altimetry period
As mentioned in section 3.2.1, the regressed CMIP5
MME sea level signal that contains mainly externally
forced signal can be compared with Alti-IPO and Alti-
IPO-EMI residual sea level spatial trend patterns to
verify if the two latter residual patterns are linked to
external forcing. Figure 7 displays the regressedMME-
based sea level spatial trend pattern in the Paciﬁc
Ocean between 1993 and 2013. Stippling indicates
regions where the trends are insigniﬁcant (p-
value>0.05). The externally forced sea level spatial
trend pattern is positive in the north-west and south-
west Paciﬁc Ocean between the sub-tropical latitudes
of 20°N–40°N and 20°S-40°S. In the north-west
Paciﬁc, the positive trend values are in the order
between 0.2 mm yr−1 and 0.7 mm yr−1 while in the
south-west the trend values range between
0.2 mm yr−1 and 1.6 mm yr−1. Interestingly, from the
Alti-IPO (ﬁgure 2(a)) and Alti-IPO-EMI (ﬁgure 4)
residual patterns, we can clearly notice that in the
western tropical Paciﬁc, the residual sea level trend
patterns are not comparable with the regressed CMIP5
MME based trend pattern in ﬁgure 7 (Note that the
color scale is not the same as in ﬁgure 2(a) and 4).
Contrary to the Alti-IPO and Alti-IPO-EMI trend
patterns, the positive trend pattern that appears in the
western tropical Paciﬁc extending towards the east
between 10°N to 20°N and 120°E to 120°W is only in
the range of 0.1 mm yr−1 to 0.3 mm yr−1. The absence
of signiﬁcantly high positive sea level trend in the
western tropical Paciﬁc over the altimetry era from the
regressed CMIP5 MME based data shows that the
residual trend patterns observed in the altimetry signal
after having removed IPO and EMI contribution is not
consistent with the CMIP5 MME based expected sea
level response to external forcing. This once again
suggests that the residual Alti-IPO/ Alti-IPO-EMI
patterns cannot be attributed to anthropogenic signal.
However in the Paciﬁc Ocean east of the Australian
continent between 20°S and 40°S latitudes, we can
observe that the Alti-IPO and Alti-IPO-EMI trend
patterns are consistent with that of the CMIP5 MME.
This indicates the possible sea level response to
external forcing in this region.
3.3.Discussion and conclusion
Several earlier studies (e.g. Zhang and Church 2012,
McGregor et al 2007, Verdon and Franks 2006, Power
et al 2006 Deser et al 2004, Mantua and Hare 2002)
have tried to understand and explain the relation
between ENSO and IPO/PDO. They have shown that
PDO/IPO is essentially the low frequency residual of
ENSO variability occurring at multi-decadal time
scales. Furthermore, Verdon and Franks, (2006) have
shown that an increased occurrence of El Nino events
during positive phase of PDO/IPO whereas negative
PDO/IPO triggersmore LaNiña events.
While the above mentioned studies have shown
that PDO/IPO and ENSO are inter-related, several
studies (e.g. Schneider and Cornuelle 2005,
Pierce 2001) have also shown that the former is not a
mode of variability linked only to ENSO but is a blend
of several other phenomena like the zonal advection in
the Kuroshio-Oyashio Extension, Aleutian low
anomalies and others. All these studies lead us to ques-
tion if attempts to remove the decadal natural climate
mode (PDO/IPO, if assumed that they are adequately
sampled using existing historical and observational
records) from the sea level signal could also effectively
remove all other internal natural climatemodes.
In this study, we analyzed the observed altimetry
based sea level spatial trend patterns in the Paciﬁc
Ocean after having removed IPO contribution
through linear regression. On performing a simple
Figure 5. (a) Spatial pattern and (b) its corresponding time curve of theﬁrst EOFmode of Altimetry-IPO-EMI residual signal over
1993–2013.
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EOF analysis on the residual (Alti-IPO) sea level signal,
we found the presence of ENSO-related El NinoMod-
oki (Central Paciﬁc) signal in the residual. Further
efforts to remove the El NiñoModoki signal fromAlti-
IPO signal through linear regression still resulted in
the presence of Eastern Paciﬁc ENSO signal in the resi-
dual. This indicates that linearly regressing IPO on
observed sea level and removing its contribution does
not totally remove the entire internal sea level varia-
bility. Nonlinear ENSO-related variability that does
not linearly co-vary with IPO still remains in the resi-
dual sea level signal. Our results show that the metho-
dology of removing the main decadal natural climate
mode from sea level signal and analyzing the residual is
not an effective way to explain the contribution of
external anthropogenic sea level ﬁngerprint.
The range of altimetry-based regional sea level
trend uncertainties/error estimate should also be con-
sidered in these studies as the residual sea level trend
pattern after removing IPO and ENSO contributions
should be compared to the pattern of uncertainty. A
detailed comparison is beyond the scope of this study
as further investigations are needed to obtain accurate
altimetry-based trend error patterns at regional scale.
However we expect that the patterns of regional alti-
metry error do not coincide to those in ﬁgure 2(a)
(Alti-IPO) and ﬁgure 4 (Alti-IPO-EMI) as the errors
are mainly large spatial patterns at hemispherical scale
in the order of 2 mm yr-1 to 3 mm yr−1 with orbital
errors contributing the most (Ablain et al 2015, Cou-
hert et al 2015).
Furthermore, regressed CMIP5 MME-based sea
level spatial trend pattern in the tropical Paciﬁc over
the altimetry period do not display any positive sea
level trend values that are comparable to the altimetry
based sea level signal after having removed the con-
tribution of the decadal natural climate mode. This
suggests that the residual positive trend pattern
observed in the western tropical Paciﬁc is not exter-
nally forced and thereby not anthropogenic in origin.
In addition the amplitude of the sea level spatial trend
pattern from regressed CMIP5 MME is low over the
altimetry period in the tropical Paciﬁc. This amplitude
is signiﬁcantly lower than the expected error in trend
patterns from satellite altimetry (in the order of 2 mm
yr-1 to 3 mm yr−1, Ablain et al 2015, Couhert
et al 2015) and suggest that satellite altimetrymeasure-
ment is still not accurate enough to detect the anthro-
pogenic signal in the 20 year tropical Paciﬁc sea level
trends.
Our results are also in agreement with studies of
Richter and Marzeion (2014), Lyu et al (2014), Jordà
(2014), Frankcombe et al (2014), Bilbao et al (2015)
who have shown that in regions of high internal varia-
bility, the trend due to externally forced signal is
masked during longer time spans than in regions of
low internal variability. This is the case of tropical
Paciﬁc which is a region highly impacted by internal
variability. Studying the residual sea level signal after
separating/removing the internal climate modes over
a short time period of 20 years in this region may not
yield signiﬁcant results with respect to external for-
cing. This is also in agreement with Meyssignac
et al (2012b) who have shown that over the 17 years
altimetry period, the tropical Paciﬁc observed sea level
spatial trend pattern is mainly due to internal
variability.
Our study suggests that detection/attribution stu-
dies should be focused on other regions such asNorth-
ern and Southern Oceans, North Atlantic, Southern
Paciﬁc to the east of Australia. Based on CMIP5MME
(see ﬁgures 6 and 7), these are the regions that show
signiﬁcant externally forced sea level signals. Detailed
studies on these regions could help us understand the
role of externally forced signal on sea level.
Lastly, another important factor to consider would
be the impact of external anthropogenic forcing on the
natural internal climatemodes. In the previous studies
(Hamlington et al 2014b, Palanisamy et al 2015) and
this current study, it has been assumed that the natural
Figure 6. (a) Spatial pattern of theﬁrst EOFmode of CMIP5MME sea level over 1900–2098; (b) its corresponding temporal curve
(black curve). The red dotted curve corresponds to the spline-smoothed EOF1 temporal curve (with an upward offset of 0.1 for clarity)
and the blue curve corresponds to the PaciﬁcOcean EOF1 temporal curve estimated over the boxed region in (a).
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internal climate mode is independent of the external
anthropogenic forcing. Attempts have then beenmade
to separate/remove the internal climate mode from
the sea level signal and attribute the residual to be
anthropogenic in origin. However it should not be for-
gotten that the anthropogenic global warming signal
may not only appear as a constant increasing pattern
in response to greenhouse gas emissions (as seen in
ﬁgure 6(b)) but could also change the behavior of the
internal climate modes. Recently, using CMIP5 mod-
els, Dong et al (2014) have shown that in the twentieth
century, the Paciﬁc Decadal Variability is not only
dominated by internal variability but also signiﬁcantly
affected by external forcing (combined effects of
greenhouse gases and anthropogenic aerosols). While
the greenhouse gas forcing induces strong surface
downward shortwave radiation over the tropical Paci-
ﬁc resulting in stronger warming, the anthropogenic
aerosol forcing induces stronger cooling in the North
Paciﬁc due to reduced surface downward shortwave
radiation (Dong et al 2014). Furthermore, in terms of
ENSO events, studies such as Cai et al (2015), Cai et al
(2014), Power et al (2013 and references therein) have
shown an increase in the frequency of extreme El Niño
and La Niña events occurring due to increasing green-
housewarmingwhile Yeh et al (2009) show an increase
in El Niño Modoki events. Though possibly model
dependent, all the above mentioned studies show the
role of external anthropogenic forcing on internal cli-
mate modes. Therefore by removing/separating the
internal climate mode from sea level signal, it is highly
probable that we also remove a part of (if not all) the
external anthropogenic forcing.
This also indicates that we cannot totally deny the
role of external forcing in the western tropical Paciﬁc
sea level changes over the two recent decades. Indeed
the recent sea level intensiﬁcation in this region could
be a result of very high internal variability driven by
intensiﬁed trade winds which could have partly been
driven by the anthropogenic forcing itself (e.g. England
et al 2014). Therefore in future, it is important to ﬁrst
understand how anthropogenic forcing can impact the
mechanisms that drive the internal climatemodes.
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